Since their discovery in the laboratory about 180 years ago, gas hydrates have been of interest, first as a curiosity of purely scientific interest and, more recently, as a potential resource that may be useable in the near future as a clean alternative energy source to hydrocarbons. This special issue is not so much concerned with the purely scientific investigations of hydrates but rather with their natural occurrence and potential uses. However the stability conditions for hydrate formation and retention, together with their physical properties, are of interest in that it is these two groups of properties that control whether hydrates exist, where they could exist, and the consequent ability to use the hydrates in some manner or another.
Dominating the concerns today are hydrocarbon hydrates, especially those of methane and ethane, but also of interest are hydrogen sulfide and carbon dioxide hydrates. Each hydrate has its own particular temperature-pressure stability field and mixing of gases changes that stability field, as shown in the Figure for methane and ethane hydrates and also for a mix. In a general sense, however, there is some scaling pressure (usually taken as the critical pressure for hydrate existence at 0°C) which provides a measure of the geological conditions necessary for existence of hydrates of particular gases. Thus, from the Figure we see that pure methane hydrates require a critical pressure of about 26 atm. (corresponding to an equivalent fresh water column of about 260m and slightly less (by about 3.5%) for sea water), whereas pure ethane hydrates require a critical pressure of some 5.2atm. (corresponding to about a 52m fresh water column and about a 50m sea water column). For higher temperatures the overlying pressure must be greater than the critical value in order to permit hydrates of a particular gas type to survive. Correspondingly, at temperatures lower than 0°C a lesser pressure will suffice to permit hydrate existence. Several factors complicate these simple estimates. First, the stability field for a hydrate is dependent on the mineral content, in both concentration and type, present in the connate water. Second, because gases are soluble in water, one also has a dependence of the stability field on the concentration and types of gases in solution, which solubility is also temperature and pressure dependent. Third, the stability field for a hydrate is altered by the sediments present surrounding the pores, with affinities of gas hydrates to sediment binding changing the stability conditions. Thus shales, sands, carbonates, and salt masses provide serious modifications to the stability conditions under geological conditions.
Once formed, however, hydrates change the composite properties of the sediments because an "ice" of hydrate now fills (but not always completely) the pore space that was water filled. The consequences are several fold. First, the hydrate than could (depending on crystal size and concentration) provide a seal against further fluid or gas migration through the hydrated region. Second, if the seal is broken, then more gas enters the pore space, produces more hydrate, and so reseals the system, thereby helping to preserve any gas or oil underlying the sealed region. Third, the seismic velocity of a hydrate region is much higher than the water and gas filled equivalent sediments, so that identification of a hydrate layer or region can often be aided by the presence of a zone of increased seismic velocity. Fourth, because the subsurface temperature increases with depth (both on land and in water) there is an eventual depth limit below which hydrate existence cannot be maintained. Below that depth limit hydrates either decompose back to water and gas or never formed. In either event, the pore space is now partially gas filled, so that the seismic velocity shows a decrease, thus there is a seismic amplitude polarity reversal region at the base of a hydrate, often referred to as a BSR (Bottom Simulating Reflector). These seismic attributes of hydrates are often invoked in attempts to define regions of hydrate occurrence directly and solely from seismic information. Fifth, because the thermal conductivity of a hydrate in sedimentary pores is different than that of water-filled pores in the same sediment, then there is a distortion of the thermal regime in the neighborhood of hydrate regions caused by the tendency of the heat flux to follow the highest thermal conductivity pathways and to avoid the lower thermally conductive paths. Thus measurements of the temperature gradient near and through hydrate regions in the subsurface suggest that a lowering of the thermal gradient helps to promote the further generation of hydrates; a self-growth mechanism. Sixth, hydrates have densities typically around 0.8-0.9 gm/cm 3 so that they are buoyant relative to water-filled sediments and so provide a pressure attempting to lift the containing sediments (for CO 2 hydrates the density is greater than that of water for water depths greater than 2650m). For hydrates close to the sedimentary surface, particularly in marine, estuarine or fresh water regions, there will then be an increased tendency for sedimentary instability, and the near surface sediments are, in general, the least consolidated and so the most susceptible to such an instability.
But, just because one has enumerated the conditions under which hydrates can form does not mean that hydrates will form. Three extra factors are required to form hydrates.
First, one must have a gas present. Under geological conditions there are two major sources for gas production. Either the gas is produced thermocatalytically as a result of breakdown of organic carbon to oil and gas, or gas is produced bacteriologically by relatively shallow decomposition of organic matter (such decomposition must be shallow because bacteria die once the temperature is above around 80°C -except for specialized and localized ecological niches such as around submarine "black/hot smokers") and the types of gases so produced depend on whether the bacteria are aerobic or anaerobic which, in turn, is controlled by water depth and water circulation of oxygen. The type of organic carbon deposited also plays a role here; terrestrial plants tend to have high wax and sulfur contents in order to retain water during their lifetimes and also to provide a rigid stem. Marine plants need neither of such conditions. Thus if bacterial action is on terrestrial plant debris than H 2 S, SO 2 , CH 4 are dominantly produced, while if on marine vegetation then methane and carbon dioxide are the main gas products.
Second, once gas is produced it must find a migration pathway from the source region to the geological regions favorable for hydrate formation. Presumably, near surface bacteriological production of gas places such gas in a favorable condition straight away relative to deeper produced thermocatalytic gas, although there is, in general, much more such deeper gas production so more chances to migrate and generate hydrates. Third, all gases are soluble in water to greater or lesser degrees with the solubilities being notoriously pressure and temperature sensitive plus also being dependent on what other gases, minerals, molecules, ions and compounds are dissolved in the water and on the concentrations of each such component. Thus there is an excruciatingly complex transport problem for gases in their journey to the sedimentary surface with geological time, and there is also a problem of whether the gaseous concentration of, say, methane will exceed the solubility limit and so appear as free-phase gas, which has its own transport and buoyancy characteristics relative to gas in water solution. Thus the production of hydrates is by no means a clear-cut problem nor, indeed, is it clear that even the general fundamentals are understood in all potential geological scenarios around the world. What is clear is that hydrates do exist -by direct observation-both on land and in oceanic environments.
But detailing how much hydrate is available on a world-wide basis, where hydrates are, and what types of gases make up their components, is far from a completed exercise and is very definitely a non-trivial matter to assess. Estimates range from massive amounts, more that the total in burnability equivalent of all hydrocarbons known to date, to meager thin slicks of hydrates, with little to no practical use on a world-wide economic front. Presumably the truth lies somewhere between these optimistic and pessimistic viewpoints, but how one goes about providing a more accurate assessment is just not clear at this stage in time. And such a better assessment is of critical need if a concerted effort is to be made to convert the energy hungry nations of the world away from the environmentally unfriendly hydrocarbons used at present to a cleaner energy source in the form of methane hydrates.
In addition to the potential use of hydrates as a clean energy source, they have also been touted as having other worthwhile properties. For instance, the fact that there is a BSR at the base of the stability zone already implies underlying gases (and possibly oil) trapped by the hydrates. So even if the hydrate is too thin to be commercially viable itself, it provides a seal for hydrocarbon trapping. Horizontal drilling can then extract the underlying gas and/or oil without disrupting the fragile seal-something that would happen with direct vertical drilling. An additional bonus here is that extraction of gas or oil in this way will reduce the buoyancy pressure exerted on the overlying hydrate so the seal integrity is better preserved as more underlying gases are produced.
In addition, replacement of methane hydrate by carbon dioxide hydrate has also been suggested, thereby removing a component of the greenhouse gases from the atmosphere -although precisely how one would go about effecting such an exchange is not at all clear both technically nor in terms of energy requirements. It may be that the energy requirements produce more thermal pollution than is acceptable. But the possibility is fascinating and worthy of considerable more scrutiny before one can fully evaluate the technical limitations and associated economical aspects.
From the point of view of the geological timescale, hydrates also have a role to play. First, there is the clear hazard hydrates present because of hydrate dissociation once one drives the hydrate to the unstable side of its pressure -temperature stability curve due to hot drill bits and warm drilling muds. The presence of gaseous expansion products, which may also flame, is then a real hazard, and one not to be discounted lightly. Second, geological conditions change with time both independently of hydrate presence and also under the influence of hydrates. Such changes can lead to rapid hydrate dissociation with consequent hazard potential. For instance exfoliation craters seen on the ocean floor in arctic environments could be a consequence of hydrate explosion after retreat of an ice-sheet and/or erosional removal of sediment by glacial scour. The basic argument here is that the cold, several km thick, ice with low permeability provides ideal conditions for underlying hydrate formation. Removal of the ice leads not only to a decrease in overlying pressure but also to a warming of the near surface sediments-consequently hydrates passed out of their stability zone an exploded. Sediment removal by erosion also removes pressure, exacerbating this explosive process.
In the case of the South Caspian basin, hydrates have been directly measured offshore with piston cores in around 500m of water at several locations on the crests and flanks of mud diapirs. These mud diapir sediments are notoriously unstable for a variety of reasons: they are highly unconsolidated making their angle of repose very small so that the least disturbance by earthquakes, mud diapir rise, sediment supply, hydrate buoyancy, underlying gas buoyancy, fluid overpressure and fluid flow, sea level drops, etc., cause the sediments to slump and slide. If such sediment motion occurs in a hydrate region then the pressure is suddenly reduced so that, again, hydrates move out of their stability zone and explode. Some of the flaming mud volcanoes and mud island disappearances in the South Caspian basin have been attributed to this basic slumping process. And this sort of behavior not only represents an uncontrolled hazard but also changes the geological conditions in unpredictable ways. The same sort of hydrate driven, or influenced, slumping process is considered to have occurred for parts of the Blake Plateau region, offshore from South Carolina.
As a general rule, however, one expects to find hydrate formation in cold regions and, if possible, where the overlying pressure is also high so that one is well inside the stability zone for hydrates. Such conditions occur naturally in deep oceans where the bottom temperature is only a few degrees above 0°C and where the overlying column of water provides adequate pressure on its own. And such situations are indeed those where hydrates are readily found-the Mackenzie River delta region of north Carolina, the deep water Gulf of Mexico, the deep water regions offshore California, the South Caspian basin offshore, etc. In addition, onshore regions that maintain cold climates, such as permafrost regions, are also ideal potential depository locations for hydrates, as perhaps best exemplified by the West Siberian gas fields and their associated massive hydrate bodies.
But once one has uncovered a hydrate of sufficient size to prove economical in terms of volume available, there are serious problems of production of hydrate and also delivery to demand market locations. For instance, production of West Siberian hydrate gas has been attempted by starting the process of hydrate dissociation using live steam. As the methane is released part is used to generate more steam and so keep the dissolution going, while the remainder is pumped through a gas pipeline. But such a gas pipeline has its own problems in the cold climate of Siberia because hydrates will form in the pipeline. Thus some form of heating of the pipeline is needed to keep the hydrates from forming. Alternatively, one mixes the gas produced in a slurry (or in solution) with other components so that the gas is not transported in free-phase and so has less chance for hydrate formation production in the pipeline. On land such a procedure can work well provided the demand market locale is within pipeline distance and connectable to the source. However, should the demand market be another country on another continent then such pipeline transport is not usually available. In such a case ship transport of gas as a hydrate at low temperatures is a safe way to transport copious quantities of methane, and is likely, in the future, to be a preferred mechanism over liquid natural gas transport for hazard reasons.
Several volumes are available that provide good background information for both hydrate properties and also hydrate applications at various stages of development and under different geological conditions. In the modern era perhaps four such volumes are: Natural Gases in Marine Sediments (ed. I. Kaplan) Plenum Press, 1974; The Future of Energy Gases, U.S. Geological Printing Office 1993; Hydrates of Hydrocarbons, Y. F. Makogon, Penwell Books, 1997; Submarine Gas Hydrates, G. D. Ginsburg and V. A. Soloviev, VNIIOkeangeologia, St. Petersburg, 1998 (English translation sponsored by STATOIL) . There are, in addition, a seemingly infinite number of specialist reports and papers dealing with individual hydrates around the world. Perhaps EOS and the magazine "Offshore" both provide a relevant continual updating of new finds on an almost monthly basis.
The present special volume contains a remarkable international mix of papers dealing with various aspects of hydrates around the world.
To set the stage for the papers following, I first present a short overview of the estimates that have been made of worldwide hydrate amounts. The results show that there is no convergence of estimates with time, and that they are highly scattered. The implication is that we do not know how much hydrate material we have as a resource either on land or in the marine environment nor does there, as yet, seem to be any improvement with time in the estimates made to date.
A paper from Japan provides a good modelling effort to ascertain the quantitative conditions under which thermogenesis of methane and subsequent migration can, or will, lead to hydrate formation. In this way one has some idea of the sensitive and dominant processes leading to hydrate capacity of a reservoir and so of where we need to improve our quantitative ability.
A paper from France examines the deep ocean hydrate question and raises concerns about the continuity of hydrates, the solubility of methane in deep waters and what happens to the dissolved methane in upwelling currents, all of which limit the potential total amount of thermogenic hydrate accumulation. The argument would indicate that there are considerably less hydrates available than cruder prior estimates have suggested.
A Norwegian paper provides a compendium of the amounts of hydrates found per unit sediment volume in a variety of places worldwide and offers the position that the data would seem to promise considerably less hydrates worldwide than prior estimates that were based on lesser amounts of data or poorer understanding of hydrate generation, accumulation and removal processes. The recommendation for highest prospectivity based on current information is in the neighborhood of mud diapirs on the ocean floor.
A paper from the USA examines in detail the seismic attributes corresponding to hydrates based on a case history from the South Caspian Basin-a known area of hydrate occurrences around mud diapirs. The conclusion is that careful and accurate interpretation of seismic processing can indeed improve the chances that one has correctly identified a hydrate-bearing zone.
A second paper from the USA examines the effects of temperature and pressure in the northern Gulf of Mexico on hydrate existence and stability. Consequences are addressed for past and future catastrophic reshaping of local sediments by the impact of mobile salt masses prograding through the system with time and so upsetting the prior hydrate existence conditions.
Concern has to do with transport of methane as a hydrate slurry. Here the problem is not so much on the exploration side for hydrates but rather on the hazard side of gas transport by tankership, currently carried out as LNG, an expensive and hazardous process. Clearly, if hydrate manufacture can cut the cost and also decrease the hazard potential, then such is a serious avenue for combining current research with future commercialization.
While the papers in this special volume do not cover all aspects of natural and manufactured hydrates, they do provide a good overview of the salient problems being addressed at the present day. Perhaps it is fair to say that the potential for hydrates as a major new energy source is still present, but whether that potential will be realized in full measure in the near future is still a subject of considerable debate and uncertainty. We just do not know enough about hydrate physical properties, hydrate impacts on sediments and vice versa, hydrate formation and removal, and identification of hydrates in location, amounts and feasibility of commercial gas recovery. If this volume manages to provide the impetus to develop an understanding of all of these factors in less than the equivocal manner that currently exists, then it will indeed have more than succeeded. The endeavour to provide a correct assessment of hydrates as a dominant new energy source worldwide, as just another energy source supplementing conventional resources, or as one of only local worth in particular geological settings, is the ultimate aim. It will be interesting to see how far down that path we have gone after another decade of hydrate investigations. 
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